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ABSTRACT
We analyze the three-dimensional shapes and kinematics of the young star cluster population forming
in a high-resolution griffin project simulation of a metal-poor dwarf galaxy starburst. The star
clusters, which follow a power-law mass distribution, form from the cold ISM phase with an IMF
sampled with individual stars down to 4 solar masses at sub-parsec spatial resolution. Massive stars
and their important feedback mechanisms are modelled in detail. The simulated clusters follow a
surprisingly tight relation between the specific angular momentum and mass with indications of two
sub-populations. Massive clusters (Mcl & 3 × 104M) have the highest specific angular momenta at
low ellipticities ( ∼ 0.2) and show alignment between their shapes and rotation. Lower mass clusters
have lower specific angular momenta with larger scatter, show a broader range of elongations, and
are typically misaligned indicating that they are not shaped by rotation. The most massive clusters
(M & 105M) accrete gas and proto-clusters from a . 100 pc scale local galactic environment on a
t . 10 Myr timescale, inheriting the ambient angular momentum properties. Their two-dimensional
kinematic maps show ordered rotation at formation, up to v ∼ 8.5 km s−1, consistent with observed
young massive clusters and old globular clusters, which they might evolve into. The massive clusters
have angular momentum parameters λR . 0.5 and show Gauss-Hermite coefficients h3 that are anti-
correlated with the velocity, indicating asymmetric line-of-sight velocity distributions as a signature of
a dissipative formation process.
Keywords: Young star clusters — Stellar kinematics — Star formation — Computational astronomy
1. INTRODUCTION
The oldest and densest self-gravitating stellar systems,
globular clusters (GCs), were long considered to be non-
rotating, spherically symmetric dense objects. However
contrary to this notion, rotational motion at least at a
level of a few km s−1 seems to be a common feature, as
has been recently observed in many of the GCs in the
Milky Way (e.g. Bellazzini et al. 2012; Fabricius et al.
2014).
Corresponding author: Natalia Lahe´n
natalia.lahen@helsinki.fi
Currently, it is also possible to survey the velocity
distributions in dozens of Milky Way GCs using IFU
spectroscopy and direct astrometry (Ferraro et al. 2018;
Kamann et al. 2018a) with a most recent major contri-
bution by the Gaia survey (e.g. Lardo et al. 2015; Bian-
chini et al. 2018). The radial rotational profiles typically
span from a few km s−1 to slightly above 10 km s−1,
whereas the peak velocity to central velocity dispersion
(V/σ) ratios are typically below unity (0 . V/σ . 0.5 in
the Gaia survey data). Observations of local young mas-
sive clusters (YMCs), which are the potential present-
day analogues for forming globular clusters (Portegies
Zwart et al. 2010; Longmore et al. 2014), also show sys-
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temic rotation (He´nault-Brunet et al. 2012), as do some
intermediate age massive stellar clusters (Mackey et al.
2013; Kamann et al. 2018b, 2019). This indicates that
GC rotation might have been generated at their forma-
tion. On the other hand, lower mass star clusters are
in general dispersion dominated, showing low levels of
ordered rotation (Kuhn et al. 2019).
One of the commonly used indicators for rotation in
studies of dynamically hot stellar systems is the shape
deformation. In very massive objects, such as elliptical
galaxies, the ellipticity tends to increase with increasing
rotational support (Emsellem et al. 2011a). Contrary to
galaxies, there does not seem to be a clear correlation
between rotation and elongation for stellar clusters. For
example, open stellar clusters in the Milky Way have
ellipticities in the range from 0 to ∼ 0.4 with an ob-
served peak at ∼ 0.2 (Kharchenko et al. 2009) while old
massive GCs have ellipticities up to  ∼ 0.3, concen-
trating around lower values (sample mean of the order
 . 0.1, Harris 2010; Chen & Chen 2010). Compared
to the notion that massive star clusters tend to rotate
while lower mass clusters do not, the elongated elliptic
shapes of lower mass star clusters has been attributed to
the galactic tidal field instead of internal rotation (San
Roman et al. 2012).
The stellar mass and internal velocity structure in old
star clusters may hold information about their forma-
tion histories (Carretta et al. 2010; Renzini et al. 2015).
For example, differences in the velocity distributions of
the chemically or age-wise differentiated multiple popu-
lations (D’Antona & Caloi 2008; Gratton et al. 2012,
see Adamo et al. 2020 for a recent review) observed
in Galactic (Milone et al. 2017) and Magellanic Cloud
(Mackey et al. 2008; Milone et al. 2020) GCs could be
used to assess whether there were differences in the for-
mation mechanisms of the first and second generation
stars (Vesperini et al. 2013). The second generation
stars tend in general to show more rotational support
and more radially biased velocity distributions (Cordoni
et al. 2020), as is also seen in simulated clusters (Bekki
2019). The low amount of rotation seen in the first gen-
eration could for example be attributed to protocluster
mergers (Bekki 2019). The formation conditions could
thus be imprinted e.g. in the velocity anisotropy profiles
of the populations (Milone et al. 2018; Tiongco et al.
2019; Cordoni et al. 2020). The specific dynamical evo-
lution of GCs however is a complex combination of both
the initial velocity structure and the surrounding tidal
field (Tiongco et al. 2016).
Star formation which results in star clusters takes sev-
eral free-fall times (see e.g. a review by Krumholz et al.
2019), and is therefore a prolonged process which re-
quires fueling of gas which is ultimately converted into
stars. Initial rotation and possible asymmetries in the
fragmenting giant molecular clouds, as well as the galac-
tic tidal field in the cluster formation environment, may
result in a net non-zero rotation in the star-forming gas,
as angular momentum is conserved. The angular mo-
mentum may consequently be translated even down to
stellar scales in the form of aligned stellar spins and
binary star orbits (Corsaro et al. 2017; Kamann et al.
2019).
Rotation in massive star clusters affects their evolu-
tion, as net angular momentum may speed up the core
collapse and increase the escape rate of stars (Einsel
& Spurzem 1999; Ernst et al. 2007; Hong et al. 2013;
Chen et al. 2020). Hydrodynamical studies at individ-
ual cloud-scales, even without external dynamical effects
such as a surrounding live galaxy, find it extremely diffi-
cult to produce non-rotating clusters (Lee & Hennebelle
2016a; Ballone et al. 2020) with only very low-mass (e.g.
< 100M, Mapelli 2017) clusters exhibiting no clear ro-
tational signatures. On the other hand, because stellar
mass is lost to the surrounding tidal field and angular
momentum is re-distributed outwards due to two-body
relaxation on a relaxation time scale, rotation of star
clusters is expected to decrease during their lifetimes
(Einsel & Spurzem 1999; Ernst et al. 2007; Kim et al.
2008; Hurley & Shara 2012; Tiongco et al. 2017). Thus
any signs of rotation in objects older than 10 Gyr indi-
cate more rotational support closer to their formation.
Direct N -body simulations without hydrodynamics
and the galactic environment represented by a point
mass tidal field (e.g. Tiongco et al. 2017) have recently
been used to investigate the velocity and angular mo-
mentum properties in evolving star clusters. Similar in-
vestigations have also been carried out using isolated
cloud-scale simulations with hydrodynamics but with-
out the global galactic environment (e.g. Mapelli 2017).
Bekki (2019) also studied globular clusters forming in
a gas-rich dwarf galaxy, with special emphasis on their
multiple stellar populations, but only briefly concluded
that they see rotation in the clusters.
In this paper we study in detail the angular momen-
tum properties of the full population of star clusters
formed in a simulated gas-rich dwarf galaxy starburst
within the griffin project introduced in Lahe´n et al.
(2020, L20 hereafter). We pay special attention to the
most massive star clusters which show globular cluster-
like properties as they exceed 100 Myr in mean stellar
age. The formation of these three massive clusters was
already discussed in Lahe´n et al. (2019, L19 hereafter).
Here we study in particular how the velocity profiles of
the clusters are built and demonstrate that the clusters
3inherit the angular momentum of their progenitor gas
clouds. We follow the evolution of the angular momen-
tum as the clusters evolve in the global galactic environ-
ment, and compare their rotational profiles to globular
clusters such as observed in the Gaia DR2 (Bianchini
et al. 2018) and with the MUSE instrument (Kamann
et al. 2018a).
The paper is organized as follows. In Section 2 we
describe the numerical methods, the initial simulation
setup and the analysis tools used in this study. In
Section 3 we review the kinematic and shape proper-
ties of the young star cluster population forming during
the dwarf starburst. Section 4 discusses the formation
and evolution of the three most massive clusters in our
simulation sample. In Section 5 we construct two di-
mensional kinematic maps of the most massive clusters,
and investigate their projected rotational properties and
compare to recent observations of globular clusters ro-
tation. Finally, we present our conclusions in Section
6.
2. SIMULATIONS AND ANALYSIS
2.1. Simulation code
The simulation data analysed in this paper is a sub-
set of the output from the gas-rich dwarf galaxy merger
simulations that are a part of the griffin project, in-
troduced in L20. The simulations, described in detail
in L19 and L20, were ran at ∼ 4M baryonic mass
resolution and with 0.1 pc baryonic gravitational soften-
ing length using SPHGal (Hu et al. 2014, 2016, 2017),
an updated version of the tree/smoothed particle hy-
drodynamics (SPH) code Gadget-3 (Springel 2005).
This code version uses the pressure – energy formula-
tion of the hydrodynamic equations, and a Wendland
C4 smoothing kernel over the 100 nearest neighbouring
gas particles. Artificial viscosity and conduction of ther-
mal energy are modelled as detailed in Hu et al. (2014).
The non-equilibrium chemical network, adapted from
Glover & Mac Low (2007), enables the modelling of the
evolution of the ISM down to temperatures of T = 10 K.
At low temperatures we follow six chemical species (H2,
H+, H, CO, C+, O) and the free electron density, and
assume a constant dust-to-gas mass ratio of 0.1%. At
high temperatures, above T = 3 × 104 K, the gas cool-
ing follows the metallicity-dependent equilibrium rates
from Wiersma et al. (2009). The optically thin high-
temperature gas is also assumed to be in ionization equi-
librium with a cosmic UV-background field from Haardt
& Madau (1996).
Gas in a converging flow is allowed to form stars at a
SF = 2% statistical efficiency if the locally averaged
quantities resolve the Jeans mass with 8 SPH kernel
masses. That is, the probability for a gas particle to
be turned into stars is 1−exp(−p) where p = SF∆t/tff ,
and ∆t and tff are the time step length and free-fall time,
respectively. In addition, we enforce star formation at
high densities, when the local Jeans mass drops below
half a kernel mass and turn such gas particles into stars
instantaneously.
The mass of each newly formed star particle is sam-
pled and stored as an array of stellar masses along the
Kroupa IMF. Gas particles which draw a stellar mass
from 4M upwards are realised into single massive stars,
while smaller masses are sampled into stellar masses un-
til the total mass comprises the mass of the original gas
particle. If the final mass of the star particle exceeds the
mass of the progenitor gas particle, the excess mass is
acquired from nearby dense gas particles thus conserving
the total mass.
The stellar feedback models include hydrogen-ionising
radiation, the FUV radiation field assuming optically
thin gas (e.g. Hu et al. 2017), energy and ejecta from
type II supernovae (SNII, Chieffi & Limongi 2004) and
winds from AGB stars (Karakas 2010). The FUV radi-
ation creates a temporally and spatially evolving inter-
stellar radiation field, which is propagated into the ISM
along 12 lines of sight, while accounting for dust ex-
tinction. With our mass resolution the momentum and
hot phase generation by individual SNII events releas-
ing 1051 erg into the surrounding SPH kernel region is
resolved at the typical ambient densities (see e.g. Stein-
wandel et al. 2020 and L20). This is particularly impor-
tant for capturing SN driven outflows (see e.g. Naab &
Ostriker 2017, for a discussion).
2.2. Initial conditions
The initial conditions have previously been introduced
in detail in Hu et al. (2016) and L20. Briefly, we set up
two identical gas-rich dwarf galaxies with virial masses
of Mvir = 2 × 1010M. Both dwarfs consist of a dark
matter halo with a Hernquist density profile and an ex-
ponential stellar disk, with a small baryon mass fraction
of 0.3% and a high disk gas mass fraction of 66%. The
dark matter mass resolution is set to 104M per par-
ticle. The gaseous and stellar disks have total masses
of Mgas = 4 × 107M and M∗ = 2 × 107M, resolved
initially with 4M per particle. The stellar disks have
scale radii of 0.73 kpc and scale heights of 0.35 kpc, while
the more extended gas disks have scale radii of 1.46 kpc
and scale heights calculated such as to set them in hy-
drostatic equilibrium (Springel et al. 2005).
The softening length of the gravitational force in the
simulation is set to 63 pc for dark matter particles and
0.1 pc for baryonic particles. We set the two galax-
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Figure 1. The angular momentum and shape of young stellar clusters calculated within the half-mass radius. On the left we
show the specific angular momentum as a function of cluster mass (top) and stellar age spread (bottom). In the right column
we show the axis ratios of the three principal axes a, b and c (top), and cluster ellipticities as a function of mass (bottom). The
clusters are analysed immediately after the starburst at t=175 Myr. The lines in the top right panel indicate constant triaxiality
T (see text for details). The data shown includes only young clusters with mean stellar ages below 20 Myr and the red points
highlight the nine most massive clusters which exhibit signs of rotation, as discussed in Section 5.
ies on parabolic orbits with initial and pericentric dis-
tances of rinit = 5 kpc and rperi = 1.46 kpc, where the
galactic disks have been oriented off the orbital plane
with inclinations and the arguments of pericenter set as
{i1, i2} = {60◦, 60◦} and {ω1, ω2} = {30◦, 60◦}.
2.3. Identification of young star clusters
We search for bound star clusters in the simulation
snapshots using the friends-of-friends and Subfind al-
gorithms in Gadget-3 (Springel et al. 2001; Dolag et al.
2009). Any bound stellar object with more than 50 stel-
lar particles (∼ 200M) after the Subfind routine has
executed the unbinding procedure is considered a star
cluster. Here we concentrate mostly on the most mas-
sive clusters, which can easily be followed individually
during their formation and subsequent evolution once
their constituent particles have been identified.
2.4. Intrinsic shape and angular momentum
We calculate the intrinsic three-dimensional shape
of the star clusters using the moment of inertia. The
directions of the principal axes a, b and c and their
axis ratios are obtained from the eigenvectors and
eigenvalues of the moment of inertia tensor. The el-
lipticity is then defined using the ratio between the
longest and shortest principal axes (i.e. semi-major
5and semi-minor axes) as 1 − c/a. We also calculate
the direction and components of the angular momen-
tum Lx, Ly, and Lz in both the stellar and gaseous
particles along the formation sequence with respect
to the center of mass of all gas and star particles
which will end up bound in each cluster. We pro-
duce cumulative radial angular momentum profiles
L(< r) =
√
L2x(< r) + L
2
y(< r) + L
2
z(< r) and specific
angular momentum profiles j(< r) = L(< r)/m(< r),
as well as the total value of j for particles within the
half-mass radius, j(< rh) ≡ jh. To investigate trends in
the full young cluster population we show the charac-
teristic shape and angular momentum properties of the
population in Fig. 1 and discuss the results in Section
3.
2.5. Two-dimensional kinematic maps
We study the projected line-of-sight velocity distri-
bution (LOSVD) in the massive clusters following the
methods often used in IFU studies and in stellar as-
trometry (Cappellari et al. 2007; Krajnovic´ et al. 2011).
Such methods typically include tesselation of the under-
lying data (regular pixel-averaged data or single stars) to
obtain constant signal-to-noise maps such as presented
e.g. in Cappellari et al. (2006) for early-type galaxies
and in Bianchini et al. (2018) for globular clusters. The
same methods can also essentially be used in analysing
numerical simulations (Naab et al. 2014; Lahe´n et al.
2018; Rantala et al. 2018; Frigo et al. 2019). As we are
modeling individual massive stars rather than massive
stellar population particles, we discard seeing effects ap-
plied to larger scale simulations (Naab et al. 2014), and
instead directly fit the LOSVD to the Voronoi-tesselated
particle data.
First we orient the clusters edge-on according to the
direction of the angular momentum vector, as described
in Section 4.3. We remove the effect of inclination on
the projected velocity data and thus study the most ex-
treme systemic rotation in each cluster. Next, the par-
ticles in each cluster are projected onto a 2D grid with
a pixel resolution of approximately 0.1 pc following the
gravitational softening length. A Voronoi tessellation
scheme (Cappellari & Copin 2003) is used to divide the
underlying regular pixels into Voronoi cells with roughly
equal number of particles in each cell, ensuring at least
100 stars per cell, following the data reduction of Bian-
chini et al. (2018). In the most massive cluster where
the central region includes more than 105 particles, we
additionally limit the number of Voronoi cells to 500.
The mean velocity and velocity dispersion are then cal-
culated from the particles in each Voronoi spaxel either
through the mass weighted mean and standard deviation
or by fitting Gauss-Hermite function (van der Marel &
Franx 1993) which provides the higher order deviations
(h3 and h4 reminiscent of the skewness and kurtosis)
from a Gaussian.
We restrict the analysis to the central regions of the
clusters (i.e. within a couple half-mass radii) thus
matching the typical spatial extent of the current ob-
servational surveys (Kamann et al. 2018a). The number
of spaxels spans thus from a few hundred down to ∼ 40
in the smallest mass clusters for which we still are able
to produce spatially resolved results. Using this analysis
technique we are able to resolve the nine most massive
clusters, with the limiting factor being mainly the num-
ber of stars in the relevant analysis regions.
3. SHAPE AND KINEMATICS OF THE STAR
CLUSTER POPULATION
3.1. Kinematic analysis of the cluster population
In the top left panel in Fig. 1 we show the specific
angular momentum jh as a function of the star cluster
mass immediately after the starburst at t = 175 Myr.
We show here young star clusters with mean stellar ages
below 20 Myr, highlighting the results for the nine mas-
sive clusters for which we have been able to produce
kinematic maps (see e.g. Section 5). These nine clus-
ters have mean ages between 1 and 18.6 Myr.
There is a clear trend for higher mass clusters to have
higher specific angular momenta. A power-law fit to the
data in the top left panel of Fig. 1 reveals a power-law
with jh ∝ M0.62 when fit to all data, jh ∝M0.71 when
only clusters above stellar mass 103M are considered
and jh ∝M0.97 when fit to only > 104M clusters.
Assuming the clusters form from clouds with ρ ∼ 1/r
density profiles the enclosed mass scales as M(r) ∼ r2
and gravity (v2 = GM(r)/r) introduces a rotation speed
of v(r) ∼ √r with a resulting specific angular momen-
tum of
j(r) ∼ rv ∼ r3/2 ∼M(r)3/4. (1)
With an average density scaling as ∼ 1/√M for each
cluster forming region the rotation speed scales as v ∼
M1/4 with an average size r ∼ √M . This results in
j ∼M3/4 (2)
Such a scaling is therefore consistent with the Larson
relations (M ∼ r2; v ∼ √r, Larson 1981) for gravitat-
ing clouds. In a separate study (Fotopoulou et al., in
preparation) we will show that the star forming clouds
in this simulation follow the Larson relations well. For
steeper cloud profiles, i.e. ρ ∼ r−2, the specific angular
momentum would scale linearly with mass. Chen et al.
(2020) have used three idealised star forming cloud se-
tups with varying density profiles and find more massive
6 Lahe´n et al.
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Figure 2. The angular misalignment between the moment of inertia (shortest principal axis) and the angular momentum
vector in degrees within the half-mass radius in the young (< 20 Myr old) star clusters as a function of stellar mass (left) and
the specific angular momentum (right) immediately after the starburst. The red points highlight the nine massive clusters we
investigate in more detail.
stars clusters with higher specific angular momentum for
steeper initial cloud density profiles.
Clusters with higher stellar mass collect their material
from a larger region (as will be discussed e.g. in Fig. 6),
thus ending up inevitably with higher values of angular
momentum. A similar trend is seen when jh is compared
to the age spread in the clusters in the bottom left panel
of Fig. 1. Higher mass clusters are built from larger
sized regions on longer time scales, resulting in larger
age spreads.
Next, we investigate the shapes of the young star clus-
ter population in the right hand panels of Fig. 1 by
showing the axial ratios c/a and b/a and ellipticities
 = 1− c/a within half-mass radii in the young clusters.
The lines in the top right panel denote constant values
of triaxiality T = (a2 − b2)/(a2 − c2) at T = 1 (pro-
late), T = 0.5 (triaxial) and T = 0.1 (close to oblate).
The massive clusters are mostly more spherical and have
oblate shapes compared to the general cluster popula-
tion, which is also seen in the ellipticity.
Young star clusters tend to form in hydrodynami-
cal simulations with non-zero ellipticities (Mapelli 2017)
and we see a trend for increasing ellipticity with decreas-
ing cluster mass. In observations, globular clusters tend
to be less elliptical compared to for example open clus-
ters, and we see a similar trend even though the less
massive clusters have less specific angular momentum
compared to the massive clusters. N -body simulations
(Hong et al. 2013) and analytical studies (Fiestas et al.
2006) have shown that ellipticities tend to decrease as
the clusters evolve. Therefore it is not too surprising
that we see more non-spherical shapes when comparing
our massive clusters to old observed clusters which have
on average  < 0.1 (Harris 2010). We also note that
we use the most extreme axis ratio (1 − c/a) and do
not consider projection effects, which have a decreasing
effect (see Section 5) on the observed ellipticities.
We then calculate the angle between the moment of
inertia (i.e. direction of the shortest principal axis) and
direction of the angular momentum vector, and show the
results as a function of stellar mass and specific angular
momentum in Fig. 2. The shortest principal axis of the
massive clusters tends to be aligned with the rotational
axis while lower mass clusters do not show clear corre-
lation between their shapes and rotation. The highest
angular momentum clusters are also the least misaligned
while the clusters with less angular momentum can be
either aligned or very misaligned. Combined with the
shape and angular momentum information derived in
Fig. 1, we conclude that the non-spherical shape of the
lower mass clusters is probably not due to rotation as
is the case e.g. in more massive stellar objects such as
rotating elliptical galaxies (Emsellem et al. 2011a).
3.2. Velocity anisotropy
The velocity anisotropy is often used to quantify the
kinematic structure of stellar systems. The exact defi-
nition of velocity anisotropy varies from study to study,
and here we denote it using the ratio between the tan-
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Figure 3. The velocity anisotropy within the half-mass ra-
dius in star clusters with mean stellar ages less than 20 Myr
as a function of their bound stellar mass immediately af-
ter the starburst. The red points highlight the nine massive
clusters we investigate in more detail.
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Figure 4. The velocity anisotropy in the three most mas-
sive clusters 100 Myr after their formation, compared to ob-
served anisotropies from Watkins et al. (2015) and Jindal
et al. (2019) for globular clusters which have been identified
with a clear rotational signal in Bianchini et al. (2018). The
vertical lines show the half-mass radii and r80 of the chrono-
logically labeled clusters C1–C3, see Sections 4.1 and 4.2 for
details.
gential velocity dispersion σt =
√
(σ2θ + σ
2
φ)/2, and the
radial anisotropy σr as 1−σ2t /σ2r . The system is isotropic
when all three components are equal. We show the
anisotropy in the young clusters within the half-mass ra-
dius in Fig. 3 as a function of the stellar mass. The clus-
ters show radial anisotropy as a relic of their formation
process. However, the less massive clusters show a larger
spread towards both radial and tangential anisotropy. If
we look at the velocity dispersions in cartesian directions
along the principal axes of the clusters, all of the mas-
sive clusters show anisotropy along the plane in which
they are elongated (perpendicular to the shortest prin-
cipal axis). The lower mass clusters on the other hand
span again a wide range from perpendicular to parallel
anisotropy with respect to their shape.
In Section 4.2 we separate the bound stars into in-situ
formed and accreted stars in the three most massive
clusters according to their formation radius from the
local center of mass. The anisotropy of the accreted stars
is ∼ 0.7 in the three clusters while the in-situ formed
stars have values between −0.07 and 0.15. The accreted
stars are therefore very radially biased while the in-situ
formed stars have fairly isotropic velocity distributions.
As the simulated clusters evolve, the mean anisotropy
within rh depicted in Fig. 3 in the entire population
tends to move towards isotropy with increasing age. The
relaxation time scale within the half-mass radius in the
most massive cluster when it reaches the highest cen-
tral density (tsim ∼ 171 Myr, see L19) is of the order
of 140 Myr. At our mass resolution with mean to max-
imum stellar mass ratio of ∼ 0.1 this corresponds to a
mass segregation time scale of ∼ 14 Myr (Spitzer 1969;
Fregeau et al. 2002) and an even shorter time scale in
lower mass clusters. We next take a look at the radial
velocity anisotropy in the three most massive clusters
after a few segregation time scales when they reach 100
Myr in mean stellar age. These clusters have been shown
in L19 to be good GC candidates already at an age of
100 Myr. Here we use another definition for the radial
versus tangential velocity anisotropy from the observa-
tional literature σt/σr − 1. The tangential dispersion is
again defined as σt =
√
(σ2φ + σ
2
θ)/2 as in Fig. 3 in order
to set pure isotropy at zero. Note however that the radi-
ally and tangentially biased directions in the anisotropy
are reversed to the ones used in Fig. 3.
The results are shown for the three 100 Myr old clus-
ters in Fig. 4. The errorbars have been obtained by
bootstrapping the particles 1000 times. We compare
the resulting anisotropy profiles to six observed globu-
lar clusters with clear rotational signal (NGC 104, NGC
5139, NGC 5904, NGC 6656 and NGC 6752) identified
in Bianchini et al. (2018) and obtained from Watkins
et al. (2015) (data at inner radii) and Jindal et al. (2019)
(data at outer radii).
The 100 Myr old massive clusters show fairly isotropic
velocity distributions in Fig. 4, with still a slight
tendency for radial anisotropy as already indicated at
younger ages in Fig. 3. The observations show a
very similar picture, with slight tangential anisotropy
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Figure 5. The surface density of stars formed during the simulation (left column), the surface density of the gas (middle
column) and the corresponding gas thermal pressure (right column) are shown in a projected 300 pc by 300 pc by 300 pc cube
showing the birth sites of the three most massive stellar clusters (white ellipses). Each row highlights one of the clusters and
the gaseous environment at a time when half of the final cluster stellar mass has been formed, in chronological order from top
to bottom (C1, C2, C3). The white ellipses illustrate the regions from which most of the mass will end up in the corresponding
cluster. The most massive cluster (C3) forms in a dense filament swept up by a super shell generated by supernovae exploding
in C1.
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Figure 6. Top: the initial radii of the gas particles which
will constitute the stellar mass of the clusters C1–C3 at a
cluster age of 10 Myr. Bottom: the cumulative mass fraction
calculated from the top panel. The radii are measured in the
last snapshots respectively where only a couple per cent of
the final bound mass has formed, i.e. at the start of the
star formation of the final mass in each three clusters. The
distances have been calculated with respect to the center of
mass of all gas particles which end up in the clusters. The
vertical lines show the mean (solid) and mean+2σ (dashed)
values. The majority of the cluster material is assembled
from a region within ∼ 100 pc.
in the central regions which transitions to slight radial
anisotropy in the outer regions.
4. EVOLUTION OF THE MOST MASSIVE
CLUSTERS
4.1. Assembly
As shown in L20, a population of young star clus-
ters forms and evolves with an observationally consistent
power-law cluster mass function during the interaction
of the two dwarf galaxies. In Fig. 5 we show the main
star formation region depicting the three most massive
clusters forming in chronological order at around the
time of the most intense starburst. Here the expulsion
of the super shell by the first forming massive cluster,
discussed in L19, is clearly visible. The gaseous environ-
ment evolves dramatically as the starburst kicks in. The
most extreme regions in the disturbed gaseous disks in
terms of thermal pressure, gas surface density and star
formation surface density are the formation sites of the
most massive star clusters. The numbering (C1–C3 in
chronological order) indicated in Fig. 5 is used to refer
to the three massive clusters throughout this paper.
The clusters forming in Fig. 5 are built from gas that
resides within a couple hundred parsecs from the respec-
tive center of mass of each cluster formation region. Fig.
6 shows the distribution of radii of the gas that will end
up constituting the bound stellar mass in each of the
three clusters by the time they have reached a mean
stellar age of 10 Myr. The epoch shown in Fig. 6 cor-
responds to the time when the star formation for each
cluster begins in earnest, defined as the time of the last
snapshot in which only a couple per cent of the cluster
mass has formed. These times correspond to 163 Myr,
152 Myr and 157 Myr for C3, C1 and C2, respectively.
Fig. 6 also shows the cumulative radial distribution of
the initial gas mass. The initial gas distributions peak
at a few tens of pc with median values between 20 and
50 pc, and 90% of the gas mass originates from regions
approximately 80 pc, 100 pc and 50 pc in size for C3, C1
and C2, respectively. The diminishing tail of the initial
radii reaches out to few hundred parsecs.
The initial gas cloud sizes in the rest of the young
cluster population follow in general a decreasing trend
with decreasing mass, with the majority of the lower
mass clusters originating from gaseous regions less than
40 pc across. The results here are in line with the general
picture of star cluster formation, where the most massive
clusters form in mergers of smaller clusters rather than
in a single collapse of a gaseous region as is the case with
low mass star clusters (Howard et al. 2018; Chen et al.
2020).
4.2. Formation
We investigate the build-up of the final bound stellar
mass in the three clusters in Fig. 7. We follow the local
gas content and the in-situ star formation using a fixed
spherical region for each three clusters with an in-situ
radius of r80. The in-situ radius is defined as including
80% of the stellar mass in each cluster once they reach
a mean stellar age of 10 Myr. The in-situ radii (r80)
for the three clusters equal 20.2 pc, 12.7 pc, and 12.3
pc for C3, C1 and C2, respectively, while the respective
half-mass radii for the clusters are 5.9 pc, 3.6 pc and 4.8
pc. The top row in Fig. 7 shows the total (cumulative)
mass of the cluster stars compared to the mass in the
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Figure 7. The mass assembly histories (top) and star formation rates (bottom) of the three most massive clusters. The masses
in the top row have been scaled by the bound mass at a cluster age of 10 Myr, and the stars have been separated into all cluster
stars (solid lines) and cluster stars which formed within r80 (dashed lines) of the local center of mass. The gas mass within r80
is shown in the top row as a dotted line. All clusters are dominated by in-situ star formation with some contribution of smaller
accreted star clusters. The SFRs have been calculated from the stellar ages of particles bound to each cluster at a mean stellar
age of 10 Myr. The vertical lines show the epochs at which 50% (solid) and 10%–90% (dashed) of the stellar mass has formed,
and the time interval of cluster star formation in which we perform most of our analysis (dotted vertical lines). Note that the
dashed and solid lines describing all cluster stars and in-situ cluster stars overlap for some of the time.
cluster stars formed in-situ, i.e. within r80. The top row
also shows the gas mass fraction within r80 during the
cluster formation process, which demonstrates that the
cluster formation region is fairly gas-rich at least up to
the time when half of the total cluster mass has formed.
The bottom row of Fig. 7 shows the star forma-
tion rate produced by all stars which end up bound
in the three clusters at an age of 10 Myr compared
to the stars in the clusters which formed in-situ. We
show here only the stars which will end up bound in
the clusters, as this is the stellar archaeological vari-
able which can be extracted from real star clusters even
at old ages. The total time-dependent SFR is there-
fore defined as the stellar mass in age-bins of 0.1 Myr
divided by the bin-width, extracted from the clusters
individually when they reach an age of 10 Myr. The
SFRs span from 0.01 to a couple of 0.1 M yr−1 and
the star formation extends over a time span of the order
of 10 Myr. The prolonged star formation is partly fu-
elled by the gas inflow rate in these regions which are of
the order of 0.05–0.1M yr−1 = 0.5–1× 105M Myr−1,
which results in star formation efficiencies within the in-
situ regions of the order of 25%-50%. Similar levels of
star formation and accretion rates have been found in
molecular cloud scale simulations of star cluster forma-
tion (Howard et al. 2018; Li et al. 2019; Chen et al.
2020).
The cumulative radial distribution of stellar mass is
compared to the in-situ formed mass in Fig. 8. The
clusters are dominated by the in-situ stars, and 60%-
70% of the total mass in the clusters which originally
formed in-situ still resides within r80 when the clusters
reach an age of 10 Myr.
4.3. Angular momentum
The cumulative radial distribution of angular momen-
tum in the three most massive clusters C1-C3 are shown
in Fig. 9 at 10 Myr after their formation. The panels
show the angular momentum and the specific angular
momentum, with the data being separated into stars
which formed in-situ and stars which have been accreted
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Figure 8. The cumulative radial mass profiles of the three
most massive clusters at a cluster age of 10 Myr. The solid
line shows all bound stellar mass, the dashed line shows the
mass formed within r80, and the dotted line shows the ac-
creted mass. The vertical lines show the value of r80. Note
the different extents of the radial coordinate on the x-axis.
from outside of r80. For the total angular momentum,
the in-situ stars dominate the profile as they also domi-
nate the mass according to Fig. 8. The specific angular
momentum on the other hand is dominated by the ac-
creted stars, as they come from larger radii and arrive
originally with higher values of angular momentum.
The simulation allows us to trace back the progenitor
gas from which the stars of each individual cluster have
formed. Here we again concentrate on particles which
are bound to each cluster at the time when they reach
an age of 10 Myr. In Fig. 10 we show the total angu-
lar momentum, L, in the cluster stars as well as in the
gas particles which will eventually turn into the cluster
stars. The values have been scaled by the initial an-
gular momentum of all progenitor gas particles in each
cluster separately and calculated at the start of the star
formation in each cluster (see e.g. Fig. 7). The angular
momentum is shown during the cluster formation period
(as indicated in Fig. 7) and up to the time when each
cluster reaches an age of 10 Myr. The two most massive
clusters already have a couple of per cent of their stars
formed once we start the analysis, which have by defi-
nition formed ex-situ, and result thus in non-negligible
angular momentum at the start of the analysis. All three
clusters have roughly 30%–40% of their original gaseous
angular momentum by the time they reach an age of 10
Myr.
Similar experiments using high resolution cloud-scale
hydrodynamical simulations at a few orders of magni-
tude higher spatial resolution have been presented in
e.g. Lee & Hennebelle (2016a) and Mapelli (2017). For
example in Mapelli (2017) all clusters except those with
stellar masses below 100M showed signatures of or-
dered rotation, even though their initial conditions were
non-rotating. Lee & Hennebelle (2016b) in turn showed
how the properties of the forming protoclusters can be
derived from the initial star-forming cloud. The high
level of turbulence and strong tidal torques commonly
found in the high-pressure environments where star clus-
ters tend to form, such as starbursts and mergers studied
here, makes it difficult to form a non-rotating massive
star clusters due to the conservation of angular momen-
tum.
Finally, we briefly investigate the direction of the an-
gular momentum vector in the three clusters with re-
spect to the center of mass of each cluster during their
initial formation and at an age of 100 Myr. The pur-
pose is to test whether the clusters end up rotating in
the same direction as the progenitor gas or if the direc-
tion of the cluster rotation is instead set by the global
galactic encounter orbit. The most massive cluster (C3)
forms out of gas which rotates more or less in the plane
of global rotation, and the cluster ends up rotating in a
similar direction. The two less massive clusters (C1 and
C2), on the other hand, form from gas which ends up
rotating in the opposite direction. The direction of the
momentum vector in the C1 progenitor gas is torqued
towards the opposite direction during the star formation
process while the C2 progenitor gas already rotates in
the opposite direction with respect to the global merger
orbit when the cluster formation begins.
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Figure 9. The cumulative total (left) and the specific (right) angular momentum profiles of the three most massive clusters
at an age of 10 Myr. The solid lines always show the total stellar mass, the dashed lines show the stellar mass formed in-situ
(< r80), and the dotted lines show the accreted stellar mass. The vertical lines show the value of r80. The total angular
momentum is dominated by in-situ stars, whereas the accreted stars have a higher specific angular momentum.
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Figure 10. The total angular momentum in gas and star particles which build up each of the three massive clusters in 1 Myr
steps during their formation periods. The curves have been normalized to the initial value in gas in each cluster. The vertical
lines indicate the epochs at which 10%, 50% and 90% of the final stellar mass has formed. This means that most of the gas has
been consumed after the 90% indicator and explains why the gas angular momentum profile rapidly declines as a function of
time.
Studying the rotational axis of the nine most massive
clusters, four rotate in the same (but misaligned) direc-
tion as the global angular momentum and the rest rotate
in opposite (but not antiparallel) direction, whereas the
lower mass clusters span randomly the entire range of ro-
tational directions. Combining the directional informa-
tion with the total fraction of angular momentum shown
in Fig. 10, the star clusters clearly inherit the local an-
gular momentum properties of the turbulent progenitor
gas as already reported in isolated cloud-scale simula-
tions of cluster formation (e.g. Mapelli 2017). On the
other hand, in Fig. 2 we showed how the ∼ 9 most
massive clusters are the least misaligned with respect
to their shapes. The absolute amount of angular mo-
mentum is significant enough to result in clear aligned
rotational signal only in the most massive clusters even
though the lower mass clusters also have non-zero net
angular momentum (as in Fig. 1).
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Figure 11. The line-of-sight mass weighted mean velocity, velocity dispersion and V/σ perpendicular to the angular momentum
vector (i.e. edge-on), as well as the higher order Gauss-Hermite parameters h3 and h4 in the three most massive clusters 100
Myr after their formation. The cluster mass decreases from left to right and the cluster identification numbers from Fig. 5
are indicated in the top panels. The horizontal lines indicate the width of the slit used to calculate the radial profiles and the
circles show the region within the half-mass radius. All Voronoi cells include at least 100 particles. The clusters show a clear
anti-correlation between velocity and h3 with tentatively negative central values of h4. Note the different extents and color
ranges in the different panels.
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Figure 12. Gauss-Hermite parameters h3 (top) and h4 (bot-
tom) for each Voronoi spaxel (see Fig. 11) from fitting the
stellar line-of-sight velocity distribution vs. V/σ in the edge-
on projection for the most massive cluster C3 at an age of
100 Myr. The clear h3 - V/σ anti-correlation and negative h4
values at low V/σ are a dynamic signature for oblate rotation
(see e.g. Gerhard 1993).
5. THE LINE-OF-SIGHT VELOCITY
DISTRIBUTION
5.1. Projected velocity maps
In Fig. 11 we show the projected edge-on line-of-
sight velocities (VLOS), velocity dispersions (σLOS) and
VLOS/σLOS for the three most massive clusters out to
a few half-mass radii. In addition we also fit Gauss-
Hermite functions and give the higher order coefficients
h3 and h4 (see e.g. Gerhard 1993) in the two bottom
rows of Fig. 11. The fitting procedure is described in
detail in Naab et al. (2014) only that here we directly fit
on the velocities of the individual stars (see Sec. 2.5).
We study the kinematics after several half-mass relax-
ation times for better comparison to local, much older,
globular clusters.
The anti-correlation between VLOS and h3 for the
three clusters is already apparent form Fig. 11 and high-
lighted for the most massive cluster in Fig. 12. It in-
dicates a steep leading wing in the velocity distribution
and can be reproduced in models of isotropic (see Fig.
4) rotators (Dehnen & Gerhard 1994) or more complex
configurations such as rotating disks embedded in non-
rotating spherical stellar distributions (see e.g. Naab &
Burkert 2001). However, the tentatively negative central
values of h4 indicate flatter than Gaussian line-of-sight
velocity distributions (see Fig. 12) indicating stars on
more radial orbits and, therefore, moderate triaxiality.
In galaxy formation models it has been shown that the
anti-correlation between h3 and V/σ is a clear kinematic
signature of gas dissipation and in-situ star formation
(see e.g. Naab et al. 2006, 2014; Ro¨ttgers et al. 2014).
This is very similar to the clusters shown here (Fig. 4.2)
and it remains to be seen whether observed massive star
clusters or globular clusters show similar signatures.
Our clusters are young compared to old globulars
(∼ 10 Gyr) and it is expected that the simulated clusters
would further lose angular momentum as they evolve in
a galactic tidal field. N -body simulations (e.g. Hong
et al. 2013 and Tiongco et al. 2017) have studied the loss
of angular momentum of tidally limited star clusters and
conclude that the angular momentum needs several re-
laxation time scales to decrease significantly. They also
found that some angular momentum remains even af-
ter tens of relaxation times, resulting in a non-negligible
V/σ value. We could expect at least the most mas-
sive simulated clusters to retain some amount of their
angular momentum even after Gyrs of evolution, in a
similar fashion to what is seen in present-day massive
GCs, which show measurable levels of rotation even at
an age in excess of 10 Gyr.
The loss of angular momentum is attributed to both
stars escaping due to the surrounding tidal field and
to stellar mass loss through feedback. All of our three
clusters form a central core (see Fig. 4 in L19) and the
clusters lose 10%–30% of their total bound mass during
their first 100 Myr of evolution. When we look at the
radii enclosing a given mass (10%, 50% and 80% of the fi-
nal cluster mass) all the radii increase at least by ∼ 30%
and the radii which enclose 80% of the final cluster mass
at least double in size during the 100 Myr of evolution.
On the other hand, for example the radii which enclose
50% of stars by number also increase by 10–20%. The
number of stars within fixed radii, e.g. r80 and rh, also
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Figure 13. Radial profiles of the line-of-sight velocity (left) and the velocity dispersion (right) perpendicular to the angular
momentum vector in the three most massive clusters immediately after (fainter symbols) and 100 Myr after the starburst (darker
symbols). The radial profiles have been calculated over a 2 pc slit along the plane of rotation (see fig. 11). The errorbars show the
bootstrapped standard deviations. The observed profiles for 11 Milky Way GCs with masses between 1.88× 105–3.55× 106M
from Bianchini et al. (2018) (left) and Baumgardt & Hilker (2018) (right) are shown underneath. The uppermost observed
velocity dispersion profile represents the ω Cen.
decrease up to ∼ 10% as the clusters evolve (compared
to up to 25% when considering stellar mass), indicating
also true escapers rather than simple mass loss through
winds. The mass loss would then continue until the clus-
ters evaporate, however properly resolving this process
would require a more accurate integration method than
our current softened hydrodynamical simulation.
5.2. Radial line-of-sight velocity profiles
To quantify the rotational properties we calculate ra-
dial profiles for the LOS velocity and velocity dispersion
maps from Fig. 11. The profiles are shown in the left
and right panels of Fig. 13, and are compared to the ve-
locity and dispersion profiles of 11 old Milky Way GCs
in the mass range between 1.88 × 105–3.55 × 106M
from Bianchini et al. (2018) and Baumgardt & Hilker
(2018). The observed profiles have been obtained by av-
eraging the tesselated (inclined) tangential motion in a
face-on manner. We follow this approach by observing
our clusters from a direct edge-on point of view. The
LOS velocity profiles were calculated in a 2 pc wide slit
along the plane of rotation (indicated in Fig. 11), similar
to what was used in e.g. calculating the estimates for
the de-inclined tangential velocities in Bianchini et al.
(2018). We perform the same analysis and calculated
the velocity profiles also immediately after the starburst
and confirm the slow down of the clusters under the in-
fluence of the galactic tidal field also seen in detailed
direct N -body simulations.
All three clusters show clear ordered rotation at a rate
of a few km s−1 even after 100 Myr of evolution. The
V/σ values peak approximately at 1–2 half-mass radii
with values in the range ∼ 0.65 − 1 as seen in N -body
simulations (Vesperini et al. 2014; Tiongco et al. 2017).
The rotational curves of the 100 Myr old most massive
and two less massive clusters peak at ∼ 6.5 km s−1 and
2.1–1.8 km s−1, and have values at half-mass radius of
∼ 5.2 km s−1 and 2.1–1.6 km s−1, respectively. Galac-
tic globular clusters with similar masses and significant
rotation have similar peak rotation with values up to
∼ 6 km s−1 (Bianchini et al. 2018). The simulated clus-
ters show however more centrally concentrated velocity
profiles compared to the observed globulars where the
angular momentum has had a much longer time for out-
wards redistribution.
Fig. 14 shows the peak LOS velocity per central ve-
locity dispersion Vpeak/σ0 in the nine massive clusters
highlighted in Fig. 1 obtained by producing similar ra-
dial LOSVD profiles for all the massive clusters as shown
in Fig. 13. Here we show the nine clusters right after
the starburst, and overplot the three massive GC candi-
dates at an age of 100 Myr. The observed data on the
background shows all the measurements from Table 1 of
Bianchini et al. (2018). The 11 Milky Way GCs shown
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Figure 14. The peak velocity within 2rh per central veloc-
ity dispersion, Vpeak/σ0. The radial extent of Vpeak is limited
to within 2rh following the typical maximum extent reached
in observations. The three most massive clusters have been
highlighted with the same colors as used in Fig. 11 right
after the starburst (diamonds) and at a mean stellar age of
100 Myr, and the light blue diamond symbols show the other
fairly massive rotating clusters right after the starburst. The
Gaia DR2 data points for old Milky Way GCs are from Ta-
ble 1 of Bianchini et al. (2018), with the data points of the
clusters shown in Fig. 11 highlighted with black. Note that
all the observed Milky Way GCs have ages in excess of 10
Gyr.
in Fig. 13 with clear rotation reported in the velocity
measurements and Vpeak/σ0 error estimates have been
highlighted with black circles. The Vpeak/σ0 parameter
is of the order of 0.5 for the most massive cluster and
0.3–0.6 for the less massive clusters, compared to ob-
servations which span typically from 0.1 to 0.5 for the
rotating clusters (Bianchini et al. 2018). Note however
how some of the observed clusters without significant
rotation can also have significant V/σ values.
5.3. Line-of-sight angular momentum
The mass-weighted (or luminosity-weighted) angular
momentum along the LOS can also be obtained from
the projected velocity maps. A typical measure for this
is the dimensionless angular momentum parameter λR
(Emsellem et al. 2007a, 2011b), defined as
λR =
∑N
i=1 FiRi|VLOS,i|∑N
i=1 FiRi
√
V 2LOS,i + σ
2
V,i
(3)
where Fi and Ri denote the mass (in observations the lu-
minosity) and the radius of a given pixel i. The sums go
over all pixels within a given radius. λR is by nature cu-
mulative, and it has been shown to robustly characterise
the global rotation in early-type galaxies (Jesseit et al.
2009), better than for example the V/σ diagnostic. The
dimensionless λR parameter is typically used to charac-
terise early-type galaxies into categories of fast and slow
rotation based on the threshold value of λR = 0.1, typ-
ically measured at the half-light radius. Objects above
this threshold often show clear rotational signal while
for objects below this value the velocity distribution is
mainly dominated by dispersion.
Recently with detailed IFU spectroscopy λR has also
been introduced in the context of smaller mass objects
such as star clusters. We produce the radial λR profiles
for all nine massive clusters highlighted in Fig. 1 and
show the results in Fig. 15. The left panel of Fig. 15
shows the λR profiles and the right hand panel quantifies
the λR values at the half-mass radius with respect to the
intrinsic ellipticity. The λR-values at half-light radii for
globular clusters with rotation in Bianchini et al. (2018)
obtained from Kamann et al. (2018a) (NGC 104, NGC
5139, NGC 5904, NGC 6656, NGC 6752, NGC 7078 and
NGC 7089) are shown in the background of the right
hand panel of Fig. 15, with ellipticities at the half-light
radius obtained from Harris (2010). The curves in the
right hand panel of Fig. 15 show the λR-h relation of
an edge-on oblate rotator with isotropic velocity distri-
bution (left) and with velocity anisotropies of 0.1 and
0.2 using the formalism in Fig. 3 and equations derived
in Cappellari et al. (2007) and Emsellem et al. (2007b).
The simulated clusters reach mostly their maximum
λR values within 1.5× rh. The (intrinsic) values at the
half-mass radius span 0.18–0.45, indicating that they all
exhibit at least some level of rotation. On the other
hand the observed datapoints also show very low val-
ues of λR,h even though Bianchini et al. (2018) report
significant rotation.
We investigate the effect of inclination by producing
the LOSVD maps and λR profiles along 100 random
lines-of-sight. The resulting 900 λR,h and projected h
pairs are shown in the background of Fig. 15. The ran-
dom projections show how the projected ellipticity is
always smaller than the intrinsic ellipticity, as for exam-
ple can be analytically expressed in the case of an oblate
ellipsoid
intr = 1−
√
1 + app(app − 2)/ sin2(ι) (4)
where intr and app are the intrinsic the apparent ellip-
ticities and ι is the inclination (Cappellari et al. 2007).
The same goes for the dimensionless angular momen-
17
0 0.5 1 1.5 2
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.05 0.1 0.15 0.2 0.25 0.3
0
0.1
0.2
0.3
0.4
0.5
0.6
Old rotating MW GCs
Young simulated edge-on
Random projection
C3
C1
C2
Figure 15. Radial profiles of the dimensionless λR parameter (left) and the λR value as a function of intrinsic ellipticity at
half-mass radius (right) in the nine analysed massive star clusters right after the starburst, as well as in the three most massive
clusters once they reach 100 Myr in mean stellar age. The stellar masses in the young clusters increase with the darkness of
the lines (datapoints) from yellow through green to purple and the old clusters are depicted with the same symbols as in Fig.
14. The small data points on the right show the projected values from 100 random lines-of-sight for each young cluster and the
lines indicate the relation between  and λR for an edge-on viewed oblate rotator with velocity anisotropy values of 0.0, 0.1 and
0.2 (as expressed in Fig. 3). The observed datapoints from Kamann et al. (2018a) and Harris (2010) show clusters with clear
rotational signal identified in Bianchini et al. (2018).
tum, as the separately highlighted edge-on projections
always show the most extreme angular momentum pro-
files attainable from the data. The most massive cluster
and its random projections are consistent with the line
for isotropic oblate rotator, as also seen in the anisotropy
measurements in Figures 3 and 4.
Finally, we briefly tested the effect of resolution by
doubling and halving the number of Voronoi cells in the
production of the LOSVD maps. The typical variation
in λR,h introduced by the spaxel resolution is of the order
of or less than ±0.03.
6. CONCLUSIONS
We have analysed the intrinsic shape and angular mo-
mentum properties of the entire young star cluster pop-
ulation in the mass range Mcl = 2×102M−9×105M
formed in a high-resolution simulation of a starburst
triggered by a low-metallicity gas-rich dwarf galaxy
merger. In addition to many low mass clusters the sim-
ulations also contains a few young massive star clusters
which are plausible progenitors of dense and massive
globular cluster systems. The massive star clusters form
from gas which is mostly located within ∼ 100 pc of the
local center of mass, but a few per cent of the cluster
mass may originate from distances in excess of 200 pc.
Smaller mass clusters form from smaller regions, typi-
cally less than a few tens of parsecs across.
The young cluster population forms with a mass-
dependent specific angular momentum distribution in
which the specific angular momenta jh measured within
the half-mass radius rh increase with cluster mass with
a sub-linear relationship of jh ∝ M0.62 consistent with
simple expectations from molecular cloud collapse. Even
the least massive clusters have a non-zero jh with slight
tapering at 0.01–0.1 pc km s−1, albeit with a larger scat-
ter. The most massive clusters, in which we see a clear
rotational signal, have the least elongated (h ∼ 0.2) but
most oblate shapes. Their shapes (using here the short-
est principal axis within rh) are typically aligned within
< 20 degrees of their angular momentum vector. The
specific angular momenta in the most massive clusters
are also dominated by accreted stars at all radii where
accreted stars are found.
The lower mass clusters, on the other hand, do not
show a clear correlation between their shapes and angu-
lar momentum vectors. In general, they have lower val-
ues of specific angular momentum, and yet they seem
more elongated in their shapes. Contrary to massive
stellar objects where flattening is often explained with
rotation, the flattened shapes of the less massive star
clusters cannot be in our study attributed to rotation.
The elliptic shapes are more probably a result of fila-
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tsim at SF start and SF shut off [Myr] [163, 174] [152, 161] [157, 164]
mean gas inflowa [M yr−1] 0.138 0.047 0.049
Measured at cluster age ∼ 10 Myr
M∗ [105M] 7.9 1.60 1.23
rh [pc] 5.9 3.6 4.8
r80 [pc] 20.2 12.7 12.3
f∗, in−situb 0.65 0.78 0.81
f∗, in−situ(< r80)c 0.57 0.70 0.71
Measured 100 Myr after the starburst:
M∗ [105M] 7.69 1.18 0.95
Rh [pc] 6.2 2.5 3.6
VLOS, h
de [km s−1] 5.2± 0.4 2.1± 0.2 1.6± 0.3
σh [km s
−1] 7.0± 0.4 4.3± 0.3 3.4± 0.2
σ0
f [km s−1] 12.8± 0.4 5.7± 0.5 4.5± 0.3
Vpeak/σ0
g 0.51 0.37 0.39
λR,h 0.39 0.21 0.20
aInto r80
bfraction of M∗ formed within r80
cfraction of M∗ formed within r80 still within r80
dWithin rh ± 0.5 pc
eStandard deviations based on the Voronoi-binned data in Fig. 11
fWithin r < 0.5 pc
gVpeak based on the VLOS profile in Fig. 13
Table 1. The properties of the three most massive star clusters ∼ 10 Myr and ∼ 100 Myr after their formation.
mentary collapse, or external effects such as the general
tidal field and torques from other nearby matter.
We pay special attention to the three most massive
clusters (& 105M), which evolve towards properties
very similar to observed present-day globular clusters in
the Local Group. We collect some of the main parame-
ters obtained in this study for the three globular cluster
candidates in Table 1. The three clusters form their
bound mass during a time span of ∼ 10 Myr, which re-
sults in age spreads of the order or less than ∼ 5 Myr.
The SFRs in the cluster formation regions reach peak
values of up to 0.2M s−1 with time-averaged SFR of
the order from 0.01M s−1 to 0.07M s−1. The regions
where these clusters form remain gas-rich (> 20% gas
mass fraction) up to the point where 90% of the cluster
mass has already formed, with the formation process
being fuelled by inflowing gas. The gas which is not
consumed by star formation is evacuated by supernova
explosions.
The cluster stars in the three most massive clusters
inherit ∼ 30%–40% of the angular momentum in the
gas at the start of the star formation process, and the
direction of the cluster rotation is set locally by the con-
ditions in the star-forming gas rather than by global
rotation. As a result, two of the three most massive
clusters end up rotating in the reverse direction with
respect to the global angular momentum. In the nine
most massive clusters, five end up rotating in the oppo-
site direction (but not directly antiparallel) compared
to the global angular momentum. We conclude that the
rotational properties of the clusters are directly related
to the local angular momentum in the progenitor gas,
rather than for example the global rotation or the galac-
tic merger orbit.
The intrinsic velocity anisotropy within rh in the
young clusters is slightly radially biased and evolves
towards isotropy. The radial distribution of velocity
anisotropy in the three most massive clusters is therefore
already after 100 Myr of evolution fairly isotropic and
in good agreement with observed radial isotropy curves
measured in Milky Way globular clusters.
We compare the projected 2D velocity distributions
produced for the nine most massive clusters to obser-
vations in recent globular cluster surveys. The clus-
ters immediately after formation show higher values of
Vpeak/σ0 on average compared to the population of old
globular clusters, which is consistent with the idea that
the rotational rate of star clusters slows down as they
evolve even though the majority of star clusters form
with non-zero angular momenta. The massive clusters
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have angular momentum parameters λR . 0.5 peaking
in their edge-on projections. Fits of the line-of-sight ve-
locity distributions with Gauss-Hermite functions reveal
that the third-order coefficients, h3, are anti-correlated
with the line-of-sight velocity. This indicates asymmet-
ric line-of-sight velocity distributions with steep leading
wings, which have been interpreted as signatures of the
dissipative formation process in galaxy formation sim-
ulations (Naab et al. 2014). The radial profiles of line-
of-sight velocity and velocity dispersion measured in the
plane of rotation show values comparable to present-day
young massive stars clusters as well as observations of
old globular clusters.
In hydrodynamical simulation which resolve the in-
ternal structure of star clusters, rotation seems to in-
evitably result due to the conservation of angular mo-
mentum in the star-forming gas. As star clusters evolve,
they lose mass along with angular momentum. As obser-
vational surveys detect rotation in a significant fraction
of very old globular clusters, we are beginning to envis-
age what the rotational properties of these evolutionary
remnants might have originally been using simulations
without having to resolve their actual formation environ-
ment at high redshifts. On the other hand, we currently
only have resolved data for massive star clusters in our
immediate local neighbourhood. Observations of the re-
solved velocity structure of less massive star clusters,
and especially young star clusters would directly test the
simulated results presented in this paper, as our simula-
tions extend to masses several orders of magnitude below
the currently observationally accessible mass range.
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